Electrochemical copolymerization of diphenylamine ͑DPA͒ with 2,5-diaminobenzenesulfonic acid ͑DABSA͒ was carried out in aqueous 4 M H 2 SO 4 by employing cyclic voltammetry ͑CV͒. Copolymer films were grown for different molar concentration ratios of DPA and DABSA. Electrochemical homopolymerization of DPA alone was also carried out under similar conditions. UV-visible spectroelectrochemical studies were performed to add evidence for copolymer formation when electropolymerization was performed with DPA and DABSA. A growth equation for the deposition of copolymer film was deduced as Q G ϭ k ͓DPA͔
Recent progress in the field of electrically conducting polymers has led to various materials with great potential for commercial applications. [1] [2] [3] [4] Polyaniline ͑PANI͒ is currently considered as a member of the most promising class of organic conducting polymers. PANI has been studied extensively due to its possible applications in energy storage devices, electrochemical/chemical sensors, electrochromic devices, and others. [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] PANI is difficult to process due to its poor solubility in most solvents. Efforts have been made to improve the mechanical properties and processability by using functionalized acids as dopants. Among these, p-toluenesulfonic acid, 15 dodecyl benzenesulfonic acid ͑DBSA͒, 16 and camphorsulfonic acid 17 have been commonly used. Another way to increase the solubility is through polymerization of derivatives of aniline, such as 2-methoxyaniline ͑o-anisidine͒. 18 In this case, the substituent group present in the backbone of the polymer chain causes a decrease in the stiffness of the polymer chain and results in more solvation. However, the conductivity of substituted polyanilines is much less than that of simple PANI. Increased torsional angles brought about by the substituent groups result in a decrease in orbital overlap of the -electrons and nitrogen lone pairs, which ultimately leads to a decrease in the extent of conjugation and of conductivity.
Copolymerization was generally performed to improve the processability in PANI. Modifications of the structure of PANI through ring or N-substitution also can be effected to result in different electrochemical characteristics than PANI. Several reports are available on the copolymerization of aniline with substituted anilines. [19] [20] [21] However, reports involving diphenylamine ͑DPA͒ as one monomer in copolymerization are scarce. DPA was polymerized alone by Zotti et al. 22 in a medium containing a mixture of 4 M H 2 SO 4 and ethanol. However, poly ͑diphenylamine͒ ͑PDPA͒, could not be grown as a film on the working electrode during polymerization. This might be due to dissolution of the oligomeric materials from the electrode surface. Hence, the use of ethanol as additional solvent resulted in difficulty in making adherent PDPA films on the electrode surface. Reports are also available on the polymerization of N-alkyldiphenylamine, 3-methoxydiphenylamine, and 3-chlorodiphenylamine. 23, 24 In the past two years, copolymerization of DPA with benzidine ͑aniline-like monomer͒ 25 and aniline 26 have been reported. Copolymer formation between benzidine ͑or aniline͒ and diphenylamine has been reported to occur via formation of -C-͑NH͒-C-bonds between a nitrogen atom of benzidine ͑or aniline͒ and a phenyl carbon atom of DPA. This implies that phenyl-ended intermediates of DPA can be connected with the -NH 2 group of aniline or aniline derivative to make a copolymer.
PANI-type polymeric units on substitution with sulfonic acid groups show significant improvement in properties over PANI itself, 27 specifically: stability, solubility, and redox behavior. The incorporation of sulfonic acid, -SO 3 H, in PANI produces sulfonated polyaniline ͑SPAN͒. The resulting self-doped PANI was reported to be conductive up to pH 7, and on the basis of X-ray photoelectron spectroscopy ͑XPS͒ study it was concluded that ca. 50% of the phenyl rings in the PANI chain contain an anionogenic sulfogroup. 28 SPAN has also been prepared electrochemically through copolymerization of aniline with some polymerizable monomers containing a sulfur group in the ring or N-position. Successful copolymerization of aniline with metanilic acid 29 in aqueous H 2 SO 4 medium produces a copolymer that can retain redox activity up to a pH of 12, six units higher than that of pure PANI. Also, this copolymer showed better thermal stability than PANI. 30 The electrochemical copolymerization of aniline with aniline-2,5-disulfonic acid resulted in a copolymer with stable conductivity ͑0.34 S/cm͒ over a wide pH range ͑up to pH 9͒. Copolymerization of aniline with 2,5-diaminobenzenesulfonic acid ͑DABSA͒ has been reported to proceed faster in the presence of DABSA, as compared to that of polymerization of aniline alone. 31 By using XPS, the influence of dopant ions on the N 1s core-level lines of the copolymer has been demonstrated. UV-visible ͑UV-vis͒ spectroelectrochemical studies have been made on the copolymer prepared with aniline and orthanilic acid 32 and also on o-methoxyaniline with orthanilic acid.
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These studies also showed that only a thin insulating layer could be deposited during copolymerization and the copolymer that was formed was soluble in neutral pH media. Electrochemical methods provide special advantages over other methods for preparation of conducting polymers due to the possibility of simultaneous characterization. The present study describes the electrochemical copolymerization of DPA with DABSA. Cyclic voltammetry was used to synthesize and concomitantly analyze the electrochemical properties of homopolymer/copolymer in the process of obtaining evidence for copolymer deposition when a mixture of DPA and DABSA was used. Additionally, in the present study, the electrochemical growth characteristics of PDPA films were compared to infer the differences in the growth behavior of the copolymer deposition. Besides that, in situ UV-vis spectroelectrochemical studies on copolymerization were made to identify the feasible re-actions at the initial stages of polymerization that could result in copolymer formation by following the UV-vis spectral changes at an optically transparent indium-tin oxide ͑ITO͒ coated glass electrode during electropolymerization of a mixture of DPA and DABSA.
Experimental
Reagent grade DPA ͑Merck͒ and DABSA ͑Fluka͒ were used as received.
Synthesis of copolymer.-Electrochemical synthesis and cyclic voltammetric studies were performed by using Autolab with PG-STAT 30 ͑Eco. Chemie B. V., The Netherlands͒ having inbuilt electrochemical system software. A three-electrode cell assembly was used with Ag/AgCl as the reference electrode. Platinum wire was used as counter electrode. A platinum foil of area 2 cm 2 was used as working electrode. A Luggin capillary, whose tip was set at a distance of about 1 mm from the surface of working electrode, was used to minimize errors due to iR drop in the electrolytes. Syntheses of polymers and measurements were performed under nitrogen atmosphere. The potentials reported here are in terms of Ag/AgCl as reference electrode.
For the electrochemical copolymerization studies, a mixture of DPA and DABSA was used in 4 M H 2 SO 4 . Electropolymerization was carried out through cyclic voltammetry for different concentrations of DPA and DABSA by sweeping the potential in the range of 0.00 to 0.70 V for 50 cycles while keeping the sweep rate as 100 mV/s. The total concentration of DPA and DABSA was kept at 40 mM for the copolymerization. The molar feed ratio of DPA or DABSA is defined as the ratio of molar concentration of DPA or DABSA to the total molar concentrations of DPA and DABSA. For example, the molar feed ratio of DPA was kept at 0.9 during copolymerization by having 36 mM of DPA and 4 mM of DABSA. Cyclic voltammograms ͑CVs͒ were recorded concomitantly with syntheses by keeping different molar feed ratios of DPA in the copolymerization. Polymerization experiments involving DPA or DABSA alone were also carried out in the same potential range.
The deposited films of copolymer/PDPA were then placed in a monomer-free background electrolyte ͑4 M H 2 SO 4 ͒ and CVs of the film-coated electrode were recorded after stabilization.
In situ UV-visible spectroelectrochemistry.-A Shimadzu MultiSpec-1501 UV-vis spectrophotometer was used to record the in situ UV-vis spectra by operating through the time course mode. UV-vis spectroelectrochemical experiments were done in a quartz cuvette of 1 cm path length by assembling as an electrochemical cell with an optically transparent working electrode, a platinum wire as counter electrode and Ag/AgCl as reference electrode. An ITOcoated glass plate was used as working electrode. Before each experiment, the ITO-coated glass electrode was cleaned with acetone and then with double distilled water. Constant potential ͑0.8 V͒ was applied by using an Autolab with PGSTAT 30 ͑Eco. Chemie B. V., The Netherlands͒ on a solution containing the two monomers ͑DPA and DABSA͒. Electrochemical polymerization of DPA or DABSA alone was also performed and UV-vis spectra were continuously recorded while cycling the potential. The results were analyzed using HYPER-UV ͑Microcal Origin͒ software.
X-ray photoelectron spectroscopy.-The XPS measurements were performed with ESCA 210 and MICROLAB 310D ͑VG Scientific Ltd., U.K.͒ spectrometers. The spectrum was recorded with Mg K␣ ͑h ϭ 1253.6 eV͒ irradiation as the photon source with a primary tension of 12 kV and an emission current of 20 mA. The pressure of the analysis chamber during the scans was about 10 Ϫ10 mbar. Polymer films were made by electrochemical deposition on the platinum electrode by CV ͑100 mV/s͒ and were treated with aqueous NH 3 solution for several hours to obtain the reduced form. The green film changed to blue in this process. Again, the film was treated with 1 M HCl to obtain the doped form of the polymer ͑green deposit͒. The green colored film was washed with distilled water and used for XPS measurements. Deconvolution of the XPS spectra was done by analysis with Win-IR software ͑Galactic͒ to obtain the subpeaks.
Results and Discussion
Electrochemical copolymerization/homopolymerization.-Cyclic voltammograms ͑CVs͒ were recorded continuously for 50 cycles during the polymerization of DPA and also for the copolymerization of DPA with DABSA having different molar feed ratios of DPA ͑0.9, 0.8, 0.7, and 0.6͒ ͑Fig. 1 and Fig. 2͒ . The anodic potential limit was kept at 0.70 V for the polymerization of DPA and polymerization of DPA with DABSA to obtain adherent deposition of PDPA/ copolymer films on the electrode surface. Apparently the CVs of continuous growth of PDPA ͑Fig. 1͒ and copolymer of DPA with DABSA ͑Fig. 2͒ seem to resemble each other. However, on close analysis a definite shift in peak potentials of the redox processes and suppression of peak current values were noticed in the CVs corresponding to copolymerization in comparison with CVs representing the polymerization of simple DPA.
The CVs representing the growth of PDPA possess twin redox processes with progressive increase in peak current values. 26 The first anodic peak was noticed at 0.6 V. The second oxidation peak can be seen as the leading edge of the peak which would occur beyond 0.70 V. The steady increase in the peak current values of these peaks signifies the continuous buildup of adherent PDPA film on the electrode surface. A green colored deposition of PDPA was visibly witnessed. The color of the electrolyte medium did not change revealing the absence of oligomeric dissolution. Hence, an ideal condition to deposit PDPA was established.
The growth of electroactive PDPA on the electrode is envisaged to occur through an electrochemical, chemical, electrochemical mechanism ͑Scheme 1͒. The initially formed diphenylamine cation radical ͑DPA ϩ• ͒, obtained by fast one-electron oxidation of DPAs proceeds to produce DPA radical by deprotonation ͑steps 1 and 2͒. The combination of two DPA radicals gives a 4,4Ј-phenyl-phenyl coupled structure for PDPA ͑steps 3 and 4͒. Upon oxidation, PDPA can have diphenosemiquinoneimine and diphenoquinonediimine sequences as polaronic and bipolaronic forms of PDPA ͑Scheme 2͒. Interestingly the polaronic and bipolaronic structures of PDPA are totally different from PANI.
The CVs recorded during the copolymerization ͑Fig. 2͒ revealed that the peak potentials and the peak current values were found to vary compared to polymerization of simple DPA. The first anodic peak noticed at 0.60 V for PDPA growth ͑Fig. 1͒ was found to be shifted to a less positive potential during the deposition of copolymer. Also, the shift in peak potential was found to be influenced with the changes in feed ratios of DABSA during copolymerization. On increasing the feed ratio of DABSA ͑0.1 to 0.4͒, the first anodic peak was found to be shifted from 0.510 to 0.530 V. However, the anodic peak could be noticed only at 0.60 V for PDPA growth. Furthermore, the peak current for the copolymerization was found to have a decreasing trend with increasing feed ratio of DABSA. These two facts can be viewed in conjunction and infer a definite participation of DABSA in altering the electrochemical growth character- It is known from earlier reports that during electropolymerization of aniline in the presence of aniline derivatives as additives, the additives were incorporated into the structure of polymer and altered the rate of polymerization. 33 In the present study, the presence of DABSA with DPA was found to reduce the rate of polymerization as evident from the plot of peak current vs. number of cycles ͑Fig. 3͒. Upon increasing the DABSA concentration in the feed, the suppression of the rate of polymerization ͑change in peak current with number of cycles, di p /dC n where i p ϭpeak current and C n ϭnumber of cycles͒ was found to be significant. Earlier, it was established that electropolymerization of aniline or aniline derivatives with aniline derivatives resulted in copolymer deposition. 19, 20, 31, 32, 34, 35 Hence, the deposition of copolymer with a different extent of incorporation of DABSA units ͑ as evident from the result of XPS of the copolymer that is discussed in the latter part of the discussion͒ causes changes in growth rate of deposition of the copolymer. A more detailed quantitative analysis was made to establish and correlate the growth of copolymer deposition with feed ratio of the monomers in the feed of copolymerization. The following discussion gives the details of deducing the growth equation.
Deducing the growth equation.-A growth equation was deduced in terms of the charge associated with deposition of the copolymer ͑Q G ͒, C n , and molar concentrations of DPA and DABSA. Charge values under the cathodic portion of CVs recorded during copolymerization under various conditions were utilized for this purpose. The charge associated with polymer deposition was calculated by graphical integration of the current between the potential intervals of 0.00 and 0.70 V.
The cathodic charge ͑Q G ͒ was found to increase with an increase in C n for any fixed molar feed ratio of DPA. Also, Q G increases with an increase in molar feed ratio of DPA for any fixed value of C n . A general equation relating Q G with C n , ͓DPA͔ and ͓DABSA͔ is envisaged as
where k is the reaction rate constant for the deposition of the copolymer, and x, y, and z are the exponents of ͓DPA͔, ͓DABSA͔, and C n , respectively. The exact dependences ͑x, y, and z͒ of growth of copolymer film on C n , ͓DPA͔, and ͓DABSA͔ was obtained through a nonlinear regression. The growth equation was deduced to be
͓2͔
A clear dependence of Q G on DABSA is seen in the growth equation. The growth equation signifies that increasing the molar feed composition of DPA causes increase in growth rate ͑Q G /C n ͒ of the polymer. On the other hand, increasing the molar feed composition of DABSA reduces the growth rate.
Electrochemical behavior of the poly(DPA-co-AA) film.-The
CV patterns of the stabilized polymer films deposited under different copolymerization conditions are presented in Fig. 4 . The peak potentials for the twin redox processes were found to be close to the values noticed during copolymerization. This implies that peaks noticed in the CVs during copolymerization are due to the redox characteristics of the deposited polymer. Figure 5 shows the dependence of the peak current on the sweep rate ͑͒ for the polymer films deposited with different feed ratios of DPA. The linear relationship between peak current and reveals the surface-bound film characteristics for the copolymer modified electrode.
Further evidences for the deposition of copolymer during polymerization of DPA with DABSA were obtained through in situ UVvis spectroelectrochemical studies.
In situ UV-vis spectroelectrochemistry.-UV-vis spectra were collected while performing electropolymerization ͑polymerization of DPA and polymerization with mixtures of DPA and DABSA͒ and analyzed to obtain evidences for copolymer formation by comparing with results from polymerization of DPA. Electropolymerization was done by keeping the potential at 0.80 V vs. Ag/AgCl for a solution having a mixture of DPA and DABSA in different concentrations in the case of copolymerization. Figure 6 shows the UV-vis spectra recorded during the electropolymerization of DPA. UV-vis spectra were collected continuously for 10 min while the potential was kept at 0.80 V vs. Ag/AgCl. The changes in spectral characteristics with time of polymerization indicate the growth of the poly- mer chains as polymerization proceeds. On switching the potential of the ITO electrode to 0.8 V, two peaks at 301 and 481 nm, respectively, a shoulder around 410 nm, and a broad band at longer wavelengths ͑Ͼ600 nm͒ were noticed. PDPA is expected to have structures in between poly͑aniline͒ and poly͑p-phenylene͒. 36 The absorption bands around 330 nm and 430 nm are assigned based on the electronic transitions noted in the early stages of aniline polymerization. 37, 38 Besides that, we observed an additional band around 500 nm in the polymerization of DPA. In aniline polymerization, the peak at 440 nm has been assigned to the aniline cation radical or oxidized benzidine dimer, which was formed as the intermediate. The electrochemical polymerization of DPA would result in p-diphenylene units in PDPA as a result of the 4-4Ј-C-C-phenyl-phenyl coupling mechanism ͑Scheme 1͒. In contrast to this, PANI has been reported to be formed by -C-N-coupling. In fact, the early stage of electrochemical oxidation of DPA has been analyzed by resonance Raman and reflectance spectroscopy 39 which confirmed the formation of N,NЈ-diphenylbenzidine ͑DPB͒ as the dimer ͑Scheme 1͒. The Figure 5 . Effect of scan rate on peak current. ͑a͒ PDPA film, ͑b͒-͑e͒ copolymer films. Film preparation: Molar feed ratio of DPA: ͑a͒ 0.9, ͑b͒ 0.8, ͑c͒ 0.7, ͑d͒ 0.6, and ͑e͒ 0.5. production of DPB type oligomer during the course of polymerization of DPA is therefore expected to generate two types of radical cations in contrast to aniline polymerization. The dimer/oligomer generated during polymerization of DPA ͑Scheme 1͒ can have two types of intermediates, anilinium type cation radical and N,NЈ-diphenylbenzidine ͑DPB͒ type cation radical. The peaks at 430 and 500 nm can be assigned to the anilinium cation radical and DPB cation radicals, respectively. The broad band observed beyond 600 nm at later stages of polymerization is assigned to the N,NЈ-diphenylbenzidine-type dication ͑DPB 2ϩ ͒ of the oligomer/ polymer. Male and Allendoerfer, 40 Malinauskas and Holze, 41, 42 and Wen et al. 37 reported intermediates in the polymerization of p-aminodiphenylamine, N-alkyl-substituted aniline, and diphenylamine-4-sulfonic acid, respectively. The intermediates were reported to be stable and could ultimately react with neutral monomer molecules in further chemical reactions to produce the oligomer/polymer.
The results of in situ UV-vis spectroelectrochemical studies on polymerization with mixtures of DPA and DABSA clearly add evidence for the incorporation of DABSA units in the polymer. The existence of sharp peak around 740 nm in the UV-vis spectrum recorded during copolymerization clearly signifies this ͑Fig. 7͒. This peak was totally absent in the spectra recorded during polymerization of DPA ͑Fig. 6͒ alone. Hence, the peak at 740 nm can be assigned to possible self doping which is expected from -SO 3 H group in DABSA. Additionally when electropolymerization was done with mixtures of DPA and DABSA ͑Fig. 7͒, the peaks observed for the polymerization of DPA were found to be shifted in peak positions. Figure 7 presents the in situ UV-vis spectra recorded dur- ing the electropolymerization of mixtures of DPA and DABSA for various feed ratios of DPA ͑0.9, 0.8, 0.7, and 0.5͒. The first peak corresponding to -* transition of the phenyl ring was found to show a bathochromic shift and showed dependence on the feed ratio of DABSA in the copolymerization. There were variations in the positions of the bands corresponding to an anilinium-type cation radical and DPB-type cation radical. It is important to note that the peak position corresponding to the DPB-type cation radical showed clear dependence on DABSA concentration in the feed of copolymerization. The extent of bathochromic shift decreased with increasing DABSA concentration in the feed of the copolymerization. This indicates that molar feed ratio of DABSA influences the overall oxidation states of the polymer produced as a result of incorporation of DABSA units in the polymer chain. The band corresponding to the anilinium-type cation radical also showed significant shifts when polymerization was performed with increasing feed ratios of DABSA.
The ratios of absorbance of peaks corresponding to aniline cation radical ͑ACR͒ ͑ϳ440 nm͒ or diphenosemiquinone ͑ϳ500 nm͒ and diphenodiquinonediimine ͑DPQDI͒ ͑ϳ740 nm͒ ͑Scheme 2͒ was used to estimate the extent of oxidation in the copolymer. The ratio of absorbance of DPQDI to ACR was found to increase with increasing feed ratio of DABSA in the copolymerization ͑Table I͒. Otherwise, the possible incorporation of more DABSA units results in a higher proportion of DPQDI in the copolymer ͑Table I͒. This can be attributed to the induced self-doping due to the presence of SO 3 H in the benzene ring of DABSA.
XPS analysis.-XPS scans were taken for PDPA and copolymer films deposited through cyclic voltammetry in 4 M H 2 SO 4 . Copolymer films were deposited with various feed ratios of DPA ͑0.5, 0.7, and 1.0͒. Survey level XPS scan clearly reveals the presence of S, C, N, and O signals in copolymer and C, N, and O alone in PDPA. The C 1s and N 1s core level spectra for PDPA film and copolymer film deposited with feed ratios of DPA of 0.7 and 0.5 are given in Fig. 8  and 9 , respectively. The deconvolution of core level peaks indicates differences in structure of PDPA and the copolymer. The relative concentrations of C, N, S, and O in copolymer films are deduced from the respective photoelectron peak areas and presented in Table  I As the molar feed ratio of DABSA in the copolymerization increases, the imine proportion in the copolymer ͑area of CvN subpeak, Table II͒ increases. This can be explained by the induced doping by -SO 3 H groups in DABSA units of the copolymer. This observation is in agreement with the increased ratio of absorbance of the peaks representing DPQDI to ACR as noticed with in situ UVvis spectroelectrochemistry ͑Table I and Fig. 7͒ .
Conclusion
Copolymers of DPA and DABSA could be deposited on the surface of a Pt electrode as adherent films by cyclic voltammetry from a solution having a mixture of DPA and DABSA. The rate of copolymer deposition was found to be influenced by the molar feed composition of DPA and DABSA. A growth equation which relates the cathodic charge of copolymer deposition, concentration of DPA and DABSA and cycle number ͑C n ͒ was obtained as Q G ϭ k ͓DPA͔ 1.02 ͓DABSA͔ Ϫ0.69 Cn 1.2 . XPS results clearly show the presence of S in the copolymer and the deconvolution of C 1s sub peak indicates the existence of the C-S bond in the copolymer. These two facts indicate the presence of DABSA units in the copolymer. The formation of diphenylbenzidine type and aniline type cation radicals during homopolymerization/copolymerization was evident from the appearance of peaks around 500 and 430 nm. The proportion of these two radicals in the copolymers depends on DABSA concentration in the feed. The incorporation of DABSA units induces self-doping, resulting in increased imine content in the copolymer as evident from XPS data. The existence of a peak at 740 nm during copolymerization clearly indicates the self-doping nature of the copolymer as a result of incorporation of DABSA units. 
